Featured Application: In this work we propose a method for deforming a pre-coated metal sheet via SPIF. The influence of the pitch and feed-rate on the dimensional precision has been studied. This work is of interest for companies dedicated to the manufacture of molds for the agri-food sector, which can directly manufacture prototypes or short series by this system.
Introduction
Single point incremental formation (SPIF), patented by Leszak in 1967 [1] and later developed by Prof. Matsubara [2] and Kitazawa et al. [3] , consists of the progressive deformation of a metal sheet by means of a steel punch at the top of a machining center or robot. The forming is done in such a way that neither presses nor dies are necessary [4] .
The SPIF technique enables the manufacturing of prototypes from sheet materials. By means of SPIF, forming can be done to all types of metals and alloys: aluminum, steel, stainless steel, tin, copper, titanium, among others [5, 6] . Polymers can also be worked with [7] : polyamide (PA), polyethylene (PE), polyvinyl chloride (PVC), polystyrene (PS), polypropylene (PP), polycarbonate (PC), polyethylene terephthalate (PET). The advantages and disadvantages of the process are summarized in Table 1 .
As well as prototypes, with SPIF, it is also possible to obtain short manufacturing series at low cost. Petek et al. [8] determined that SPIF technology is more profitable than deep drawing up to a batch size of 600 pieces. Ingarao et al. [9] affirm that SPIF is a more efficient process than deep forming processes which produce cuttings and scrap metal. Table 1 . Advantages and disadvantages of single point incremental formation (SPIF) [10] .
Advantages Disadvantages
It can be done in a machining center The equipment must be managed by experienced and qualified operators
The changes in design may be done easily and quickly The processing time is longer
The strengths within the material are relatively low Elastic recuperation is produced
The pieces are produced directly from a electronic file The process is limited to medium to small batches
The dimensions of the pieces are only restricted by the dimensions of the tool machinery The forming of angles of 90 • tends to be limited
The process has evolved in recent years [11] , and its use has increased in different sectors, such as automotive [12] [13] [14] [15] [16] , medicine [17] [18] [19] , energy [20] , architecture [21] , and art [22] . One of the least explored uses of this process is in the manufacturing of molds. Fiorotto et al. [23] have proposed the use of molds made by means of SPIF directed at compound material sheeting. Appermont et al. [24] and Afonso et al. [25] have considered its use in thermoforming operations. Recently, it has been tested in rotomolding processes, and in other polymer processing techniques [26] .
In most cases, for the demolding process, it is desirable for the mold to have a non-stick coating. These coatings may be of several types, although the most common are those made with resins that are rich in fluoropolymers [27] . Such resins may be applied to the metal sheets before forming, so that the manufactured piece is the final one. However, until now the friction between the tool and the sheet complicated the forming process with pre-coated SPIF sheeting [28] .
In order to avoid direct contact between the tool and the coating, in this study, the dummy technique [29, 30] has been used: a dummy sheet is placed over the sheet to be formed, and the punch simultaneously forms both sheets, without any direct contact with the lower pre-coated sheet. This novel method enables the application of the SPIF process to sheets pre-coated in resins rich in fluoropolymers, and thus, among other applications, directly manufacture prototypes or short series of non-stick molds.
The aluminum-magnesium alloy EN AW 5754 H32 is commonly used to manufacture molds in the food industry, as it comes into contact with food and has good formability [31] . The incremental forming of this material has been studied previously by Verbert [32] , Behera [33] , and Gupta & Jeswiet [34] .
For the industrial use of SPIF, it is imperative to reduce springback and achieve good geometrical accuracy [10] . There are previous studies that have analyzed this matter with aluminum alloys. Ambrogio et al. [35, 36] focused on the improvement of the dimensional accuracy of truncated cone pieces from sheets of EN AW 1050-O. Guzman et al. [37] advanced in the accuracy reached using SPIF in two-slope cones manufactured in EN AW 3003. However, no previous studies have been found in the literature concerning the geometrical accuracy reached using SPIF with sheets of EN AW 5754 H32, nor authors who have approached this subject using the dummy method.
This work has two main aims. The first is to present and describe the use of the dummy method in incremental forming for the direct manufacturing of prototypes or short series of molds. The second aim is to study the influence of two technological parameters, pitch and feed-rate, in the accuracy reached in the manufacturing of truncated pyramidal geometry. The piece was manufactured using SPIF in EN AW 5754 H32 aluminum-magnesium sheets, pre-coated with resins rich in polytetrafluoroethylene (PTFE). The geometrical variables measured were initial and final angle, minimum thickness, depth, height, normalized springback, and area variation between theoretical and experimental profile.
The structure of the study is the following: Section 2 describes the equipment and material used in both the forming process and the measuring; Section 3 shows the results, which are discussed in Section 4; finally, the conclusions are presented in Section 5.
Materials and Methods
The dummy method in SPIF consists of the simultaneous deforming of two overlapping sheets [38] . This method has been used to improve the surface finish [29] and to deform previously welded sheets by means of friction stir welding [30] . In this case, the dummy method was used to manufacture non-stick molds from sheets pre-coated with PTFE resin (Figure 1) . 
The dummy method in SPIF consists of the simultaneous deforming of two overlapping sheets [38] . This method has been used to improve the surface finish [29] and to deform previously welded sheets by means of friction stir welding [30] . In this case, the dummy method was used to manufacture non-stick molds from sheets pre-coated with PTFE resin (Figure 1 ). The molds were made with aluminum-magnesium EN AW 5754-H32 sheets, the dimensions being 210 × 210 mm and 1.2 mm thick. On one side, a circular pattern was printed to control the deforming undergone at each point [39] . The other side was covered with a resin-rich PTFE. To protect this re-covering during the incremental deforming, a PVC dummy sheet of 210 × 210 mm and 3.0 mm thick was used.
The design chosen for the molds was a truncated pyramidal geometrical shape, as it is of industrial interest and facilitates the geometrical characteristics. Several tests were carried out in order to determine the maximum depth and angle that the sheets were able to reach. The final dimensions are shown in Figure 2 . The pieces were drawn using SolidWorks parametric software. Once drawn, the models were exported to the MasterCAM program, where the strategy was defined, and the technological parameters of the process were determined. This being done, the MasterCAM automatically generated the NC programs. The tool path strategy used was contour-parallel.
Nine tests were carried out, with different pitch and feed-rate values. For the pitch, the values 0.3, 0.6 and 1.0 mm were used; for the feed-rate, the values were 1800, 2000 and 2200 mm/min. The spindle speed in all cases was set at 750 RPM.
The geometrical parameters and technologies were selected according to database collected from the literature (Table 2 ) and after carrying out several sensitivity tests (Table 3) . Breakage of any of the materials was avoided (PVC, PTFE, EN-AW 5754), since the aim was to attain healthy molds that could be studied geometrically. The molds were made with aluminum-magnesium EN AW 5754-H32 sheets, the dimensions being 210 × 210 mm and 1.2 mm thick. On one side, a circular pattern was printed to control the deforming undergone at each point [39] . The other side was covered with a resin-rich PTFE. To protect this re-covering during the incremental deforming, a PVC dummy sheet of 210 × 210 mm and 3.0 mm thick was used.
The design chosen for the molds was a truncated pyramidal geometrical shape, as it is of industrial interest and facilitates the geometrical characteristics. Several tests were carried out in order to determine the maximum depth and angle that the sheets were able to reach. The final dimensions are shown in Figure 2 . 
The geometrical parameters and technologies were selected according to database collected from the literature (Table 2 ) and after carrying out several sensitivity tests (Table 3) . Breakage of any of the materials was avoided (PVC, PTFE, EN-AW 5754), since the aim was to attain healthy molds that could be studied geometrically. The pieces were drawn using SolidWorks parametric software. Once drawn, the models were exported to the MasterCAM program, where the strategy was defined, and the technological parameters of the process were determined. This being done, the MasterCAM automatically generated the NC programs. The tool path strategy used was contour-parallel.
The geometrical parameters and technologies were selected according to database collected from the literature (Table 2 ) and after carrying out several sensitivity tests (Table 3) . Breakage of any of the materials was avoided (PVC, PTFE, EN-AW 5754), since the aim was to attain healthy molds that could be studied geometrically. It is important to bear in mind that during the process, there is a simultaneous deformation of two sheets with very different mechanical properties and behaviors. The dummy sheet (PVC) is that which is in contact with the punch, so that, although the intention is to deform the aluminum, it is necessary to work with values that are compatible with the PVC (Table 2) .
The tests were carried out at a model QP2026-L Chevalier machining center, equipped with a Fanuc numerical control. The tool used for the forming was a 14.68 mm diameter punch, made up of two pieces: an EN AW 2024 aluminum body and a stainless steel spherical tip. SAE 30 mineral oil was used for lubrication, following the recommendations of Azevedo et al. [46] . Experiment set-up is shown in Figure 3 . It is important to bear in mind that during the process, there is a simultaneous deformation of two sheets with very different mechanical properties and behaviors. The dummy sheet (PVC) is that which is in contact with the punch, so that, although the intention is to deform the aluminum, it is necessary to work with values that are compatible with the PVC (Table 2) .
The tests were carried out at a model QP2026-L Chevalier machining center, equipped with a Fanuc numerical control. The tool used for the forming was a 14.68 mm diameter punch, made up of two pieces: an EN AW 2024 aluminum body and a stainless steel spherical tip. SAE 30 mineral oil was used for lubrication, following the recommendations of Azevedo et al. [46] . Experiment set-up is shown in Figure 3 . Once the pieces were manufactured, different geometrical parameters were measured ( Figure 4 ): minimum thickness, depth, height, initial angle, elastic recovery, and area of deviation between theoretical and real profile. Once the pieces were manufactured, different geometrical parameters were measured (Figure 4 ): minimum thickness, depth, height, initial angle, elastic recovery, and area of deviation between theoretical and real profile. Depth was measured using a depth gauge and gauge blocks. Four measurements were taken in each mold. Height was measured on marble, using a height measure and four different measurements were also taken in each mold.
Angle #1 was measured with a goniometer. From this angle measured (actual) and the theoretical angle (CAD), the normalized springback was calculated, by means of the expression Equation (1), proposed by Martins et al. [7] .
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To measure the thickness, the molds were cut in half using a belt saw. Once this was done, different measurements were taken along the profile (one measurement every 10 mm) using a 0.01 precision micrometer. Fifty-six measurements were taken for each piece.
Once cut, the pieces were photographed. The images were imported from the AutoCAD program. Once scaled, the sections were drawn over them, which were used to measure angle #2. Besides this, the sections were compared with the theoretical profile of the mold. The area enclosed between them gives the overall error existing between both profiles. Figure 5 shows the exterior angle or angle #1 measured in each of the molds manufactured via SPIF with a dummy sheet. The theoretical angle sought after was 45°. Figure 6 shows the interior angle or angle #2. In this case, the theoretical angle sought after was 135°. The minimum thickness measured in the sections of the different pieces is shown in Figure 7 . As can be observed, it shows no great variations for the different cases studied. Depth was measured using a depth gauge and gauge blocks. Four measurements were taken in each mold. Height was measured on marble, using a height measure and four different measurements were also taken in each mold.
Results
To measure the thickness, the molds were cut in half using a belt saw. Once this was done, different measurements were taken along the profile (one measurement every 10 mm) using a 0.01 precision micrometer. Fifty-six measurements were taken for each piece. Once cut, the pieces were photographed. The images were imported from the AutoCAD program. Once scaled, the sections were drawn over them, which were used to measure angle #2. Besides this, the sections were compared with the theoretical profile of the mold. The area enclosed between them gives the overall error existing between both profiles. Figure 5 shows the exterior angle or angle #1 measured in each of the molds manufactured via SPIF with a dummy sheet. The theoretical angle sought after was 45 • . Figure 6 shows the interior angle or angle #2. In this case, the theoretical angle sought after was 135 • . The minimum thickness measured in the sections of the different pieces is shown in Figure 7 . As can be observed, it shows no great variations for the different cases studied. Depth was measured using a depth gauge and gauge blocks. Four measurements were taken in each mold. Height was measured on marble, using a height measure and four different measurements were also taken in each mold.
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Once cut, the pieces were photographed. The images were imported from the AutoCAD program. Once scaled, the sections were drawn over them, which were used to measure angle #2. Besides this, the sections were compared with the theoretical profile of the mold. The area enclosed between them gives the overall error existing between both profiles. Figure 5 shows the exterior angle or angle #1 measured in each of the molds manufactured via SPIF with a dummy sheet. The theoretical angle sought after was 45°. Figure 6 shows the interior angle or angle #2. In this case, the theoretical angle sought after was 135°. The minimum thickness measured in the sections of the different pieces is shown in Figure 7 . As can be observed, it shows no great variations for the different cases studied. Figure 8 shows the average height and depth values measured in each mold. As can be appreciated, both parameters are closer to the expected theoretical measurements for greater values of pitch and feed-rate. Figure 8 shows the average height and depth values measured in each mold. As can be appreciated, both parameters are closer to the expected theoretical measurements for greater values of pitch and feed-rate. The normalized springback measured in the different tests can be seen in Figure 9 . Here, the pitch is not seen to be an influencing factor. However, it appears that lower values of springback are associated with high values of feed-rate speed. The normalized springback measured in the different tests can be seen in Figure 9 . Here, the pitch is not seen to be an influencing factor. However, it appears that lower values of springback are associated with high values of feed-rate speed. The normalized springback measured in the different tests can be seen in Figure 9 . Here, the pitch is not seen to be an influencing factor. However, it appears that lower values of springback are associated with high values of feed-rate speed. The area between the theoretical profile and the real one for each mold is shown in Figure 10 . This area gives an idea of the overall error existing between the sought-after piece and the one obtained. The area between the theoretical profile and the real one for each mold is shown in Figure 10 . This area gives an idea of the overall error existing between the sought-after piece and the one obtained. Figure 11 shows the forming limit diagram (FLD) corresponding to the manufactured molds with a feed-rate equal to 2000 mm/min. As can be observed, the greater the pitch, the greater the main deformations. 
Results

Discussion
The dummy method was inserted into the SPIF by Skjoedt et al. [38] . The initial aim was to improve the surface finish of the manufactured metallic pieces by incremental deforming [29] . Later, Figure 11 shows the forming limit diagram (FLD) corresponding to the manufactured molds with a feed-rate equal to 2000 mm/min. As can be observed, the greater the pitch, the greater the main deformations. 
The dummy method was inserted into the SPIF by Skjoedt et al. [38] . The initial aim was to improve the surface finish of the manufactured metallic pieces by incremental deforming [29] . Later, 
The dummy method was inserted into the SPIF by Skjoedt et al. [38] . The initial aim was to improve the surface finish of the manufactured metallic pieces by incremental deforming [29] . Later, the dummy method was used to deform welded sheets by means of friction stir welding [30] . In the present study, the dummy method has been used to conform, directly via SPIF, pre-coated molds rich in a PTFE resin.
As well as presenting this novel method for directly manufacturing non-stick molds by incremental deforming, the present work has also studied the influence of both technological parameters (pitch and feed-rate) on the dimensional precision reached during the incremental forming of molds from pre-coated sheets using the dummy technique.
After analyzing the results, we can affirm the following:
•
The minimum thickness appears to show no relation to any of the technological parameters studied (Figure 7 ). This result is coherent with the law of sine [47] . According to this law, the theoretical thickness can be calculated as a product of the initial thickness (1.20 mm) and the sine of the angle (45 • ). The theoretical value calculated (0.84 mm) coincides with the value measured experimentally.
•
The differences between the theoretical profile and the real profile of the mold are minor, in general terms, when using low values of pitch and feed-rate ( Figure 10 ). These results coincide with those obtained by Hussain, Lin & Hayat [48] (greater pitches provoke greater deviations), Maqbool & Bambach [49] (lower pitches provoke lower geometrical accuracy) and Radu & Cristea [50] (high values of the feed-rate lead to a low-dimensional accuracy).
However, low values of pitch and feed-rate result in certain geometrical features (depth, height, angle #1, normalized springback, angle #2) moving away from the sought-after theoretical values:
• The depth and height approach the theoretical ones with high pitch and feed-rate values ( Figure 8 ).
Angle #1 approaches the sought-after value (45 • ) when high feed-rate values are programmed ( Figure 5 ). Logically, the normalized springback shows the same behavior ( Figure 9 ). • Angle #2 (135 • ) approaches the sought-after value when greater pitch values are used ( Figure 6 ).
• An increase in pitch increases the deformability (Figure 11 ). This result coincides with that presented by Liu et al. [51] .
As can be appreciated, the test carried out with a greater pitch and feed-rate attains better results for the particular variables (height, depth, initial angle, maximum angle, minimum thickness). At the other end, the test carried out with a lower pitch and feed-rate manages to minimize the deviation area between the profile obtained and the expected theoretical one.
To sum up, it can be affirmed that the results obtained relative to geometrical accuracy in the dummy method are similar to those obtained in the incremental deforming processes of a single sheet. To solve this problem, Bambach, Araghi & Hirt [13] proposed a multistage strategy to improve geometrical accuracy. Following this idea, the authors are going to try a multi-stage strategy: firstly, high values of pitch and feed-rate will be used to get a good reproduction of the geometry details; secondly, lower values of pitch and feed-rate will be used to provide a lesser deviation in the real compared to the theoretical profile.
Conclusions
The present study has analyzed the geometrical accuracy obtained in the SPIF process of sheets pre-coated with resins rich in PTFE, using the dummy method. To do so, truncated pyramidal shapes were formed in EN-AW 5754 sheets of aluminum-magnesium with a PVC dummy sheet, using different pitch and feed-rate values.
The experiments carried out show that there is no apparent relation between some of the geometrical parameters studied (minimum thickness) and the technological parameters cited. However, it has been proven that there is a relation between the remaining parameters: the normalized springback value decreases with greater feed-rate values; height and depth get closer to the sought-after values when greater values of pitch and feed-rate are programmed; the area between the real and the theoretical profile (a measurement of error) also increase when using greater pitch and feed-rate values.
These results are of great interest to the local industrial sector involved in the manufacture of molds and trays for food products which, in the SPIF with dummy process, find a method for manufacturing prototypes from pre-coated sheets.
Future studies will address the geometrical accuracy obtained in incremental deforming processes using multi-stage strategy. In the initial stages, high values of pitch and feed-rate will be used in order to guarantee a good reproduction of the geometry details. In the final stages, lower values of pitch and feed-rate will be used that will provide a lesser deviation in the real compared to the theoretical profile. Besides this, the exact angles and maximum depths that can be reached by sheets of this material with different thicknesses will be studied, using different values of spindle speed and different tool diameters. Funding: This research received no external funding.
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